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The production of concrete, a major construction material, emits a large amount of CO; from the material 
production stage, such as in the production of cement, aggregates, and admixtures, to the manufacturing 
stage, and it is expected that a reduction of CO, emission will be required. Accordingly, a study on the 
assessment of the appropriate amount of CO, emission in the concrete production is necessary. As a 
result, in environmentally developed countries, studies have been conducted on the production of low- 
CO2-emitting concrete, such as a low-carbon concrete procurement system, but studies on this topic have 
been insufficient in Korea. Therefore, this study evaluated the appropriateness and the reduction 
performance of the low-carbon-emission concrete (LCEC) mix design system and the deduced mix 
design results using an evolutionary algorithm (EA), the optimal mix design method, which minimizes 
the CO, emission of the concrete mix design. This study established a mix design database from 
approximately 800 concrete mix designs with different strengths and used an EA to deduce the optimal 
mix design. When deducing the optimal mix design, we considered design variables, object functions, 
and constraint functions to develop the algorithm. Then, the appropriateness and reliability of the mix 
design deduced from the optimal LCEC mix design system, which in turn was developed by using the 
above algorithm, were evaluated. Additionally, case studies of current structures in Korea were divided 
into the actual concrete mix designs and the deduced optimal mix designs, which were compared to 
analyze the CO, emissions. According to the case study of the concrete mix design deduced from this 
assessment system, the CO, emissions of the optimal mix design compared to the actual mix design were 
reduced by 4 and 7% for 24 and 30 MPa concrete, respectively. 
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1. Introduction 
1.1. Research background purpose 


The amount of energy consumption and CO, emission from the 
Korean construction industry accounts for 23% of the total industry 
energy consumption and 40% of the total CO2 emission. As one can 
tell from the greenhouse gas reduction goal of 26.9% below business- 
as-usual (BAU) by 2020', the construction industry is recognized as an 
anti-environment industry for mass consumption/mass waste, and 
thus, it is necessary to make efforts to turn it to an environment- 
friendly industry. In particular, the production of concrete, a major 
construction material, emits a large amount of CO, from the material 
production stage, such as in the production of cement, aggregates, 
and admixtures, to the manufacturing stage, and it is expected that a 
reduction of CO2 emission will be required. Accordingly, a study on 
the assessment of the appropriate amount of CO, emission in the 
concrete production is necessary. Also, there are researches in 
progress on concrete mix applying optimal method in concrete 
industry, but most are regarding target nominal strength estimation 
and high-strength light-weight concrete mix design, and it is neces- 
sary to have a study to draw concrete mix design with reduced carbon 
emission while satisfying physical properties. Currently, most mix 
principles regarding required strength, durability, workability, water/ 
cement ratio, coarse aggregate maximum size, slump, and fine 
aggregate follow the concrete standard specification in case of Korea. 
Therefore, for the part regarding CO emission which is not included 
in the standard specification, the current concrete standard specifica- 
tion regulations cannot solve the issue. This is because there are a 
large number of elements affecting the concrete mix design and also 
because the physical/chemical constituents of various used materials 
vary depending on site of origin and composition. The resulting value 
also has numerous variables, and it is almost impossible to build a 
mathematical model accurately figuring out the influences by inter- 
actions between elements. 

Therefore, this study developed ‘low-carbon-emission concrete 
(LCEC) mix design system’ applying evolution algorithm(EA) as a 
design tool to minimize CO2 emission of concrete mix design 
reasonably, and the goal is to evaluate CO, emission amount, 
economic value, and reduction performance. 


1 Ministry of Environment, Reduction target of Greenhouse gas in South Korea, 
2011 


1.2. Research contents and methods 


This research constructed database for mix design per 
concrete strength with total of about 800 in order to find out 
carbon reduction concrete mix design using optimal design 
method, using which the sensibility analyses for admixture type 
and CO, emission, admixture mix ratio and CO, emission, admix- 
ture mix ratio and other material mix amount, and material mix 
and economic value were conducted. Also, low-carbon-emission 
concrete mix design process was constructed through evolution 
algorithm, and by applying that, the low-carbon-emission concrete 
(LCEC) mix design system was developed. The developed evalua- 
tion system was used to compare and analyze COz emission 
and economic value for the drawn optimal mix design and 
concrete mix design actually used for current constructed build- 
ings in Korea. 


2. Research trends in concrete mix design 


The current optimal design algorithm for optimization mainly 
used two methods: one was a crystallization method and the other 
was a probability method (evolutionary algorithm, genetic algorithm). 
Artificial neural networks, which were used to approximate the 
performance index, were also used. Genetic algorithm that is well 
known for the advantage of solving the combination problem was 
used to solve the multi-criteria problem like mix design of concrete. 
Genetic algorithm(GA) that is well known for the advantage of solving 
the combination problem was used to solve the multi-criteria 
problem like mix design of concrete [1,2]. GA, known as a very 
efficient heuristic algorithm that has been widely used in the various 
fields of engineering, is based on the mechanism of natural selection 
and natural genetics [3,4]. The general form of GA is composed of 
three major operators, i.e., selection, crossover, and mutation through- 
out optimizing, learning, and searching algorithms [5]. 

Studies on concrete mix design in Korea are being conducted; 
they discuss concrete mix design methods and program develop- 
ment using methods such as neural networks and genetic algorithms 
to satisfy concrete properties and minimize material usage. In 
general, these studies consider only the improvements on onsite- 
required performances, such as high-strength and lightweight con- 
crete mix design, water/cement ratio estimation, carbonization depth 
estimation, quality improvement, and construction time reduction. 
There has not been sufficient research on the optimal concrete mix 
design based on environmentally required performance, such as CO 
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emission reduction, and the development of mix design programs 
has been insufficient. 


3. Carbon reduction concrete optimal mix design system using 
evolution algorithm 


3.1. Characteristics of evolution algorithm 


An evolution algorithm produces probability variable within a 
certain range from the first parent individual group which is the 
initial design variable set of upper 15% near the pre-set objective 
value to generate the next-generation individual group. Between the 
parent individual group and next-generation individual group, the 
variable set nearer to the desired design objective is selected to 
constitute the next parent individual group. According to the result of 
such process of variation and reproduction, the optimal design 
variable value most suited to design objective can be found by 
adjusting variation range and repeating such process. Also, as the 
optimal point is searched from multiple points and not a single point, 
the global solution can be found, parallel computing is available, and 
the search is executed in a stochastic method based on only function 
values. Due to such characteristics of evolution algorithm described 
above, it is very effective when applied to draw carbon reduction 
concrete mix design. Concrete mix design reacts very sensitively 
according to the mix amount of each raw material, so the selection of 
parent individual group mix design is very important. Evolution 
algorithm constitutes the parent individual group with upper 15% 
concrete mix design nearest to the target function to draw the 
optimal mix design, it can fairly reduce errors in next-generation 
individual group. Also, evolution algorithm uses the design variable of 
concrete mix design in real number form (kg/m?) to find the optimal 
solution, so the calculation speed is relatively fast [6,7]. 


3.2. Characteristics of low-carbon-emission concrete optimal mix 
system applying evolution algorithm 


Low-carbon-emission concrete optimal mix design system can 
draw concrete mix design mixed with maximum admixture (BFS/FA) 
so as to achieve minimum CO, emission. This system can drawn the 
mix design desired by the evaluator through evolution algorithm, 
which is one of the optimal design method, on the already- 
constructed mix design DB per concrete strength, and without the 
basic information of each raw material such as W/B, coarse aggregate 
size, slump, air content, density, and specific gravity to mix concrete, it 
can draw optimal mix design by selecting types of admixture and 
input of concrete strength. To develop this system, concrete mix 
design data per about 800 nominal strengths investigated from 
domestic RMC company was constructed into a database. Also, to 
draw optimal mix design, the constructed database was used for 
analysis of relationship of admixture type and CO, emission, admix- 
ture mix ratio and CO, emission, admixture mix ratio and other 
material mix amount, and concrete mix design and economic value to 
find the target function of optimal mix design. 


3.3. Optimal low-carbon-emission mix system development 


3.3.1. Mix design database construction for different concrete 
strength 

To establish the database for concrete mix design, normal Port- 
land cement, blast-furnace cement, water, coarse aggregate, fine 
coarse aggregate, and admixture mix ratios of the 18, 21, 24, 27, 30, 
35, 40, 50, and 60 MPa strengths of mix designs, which were supplied 
to the actual construction site, were provided from 10 domestic 
ready-mix concrete companies; the size of coarse aggregate, strength, 
water/cement ratio, and fine coarse aggregate ratio were considered 


for the concrete properties as shown in Table 1. The approximately 
800 mix designs were then categorized by their admixture types and 
seasons (normal/winter) [8-10]. 


3.3.2. Concrete mix design sensitivity analysis 


1) Admixture types and CO, emission amount correlation analysis 
The change in the amount of CO emissions was analyzed for 
different types of admixtures to concrete mix designs of 18, 21, 
and 24 MPa strength. The average amount of the evaluated CO2 
emissions was calculated by sorting the established database of 
mix designs of different strengths by admixture types. For all 
the mix designs of strengths of 18, 21, and 24 MPa, the mix 
designs with fly ash and blast-furnace slag as admixtures 
emitted the least CO2 on average, and the amount of CO2 
emission was reduced by 25, 29, and 26%, respectively, com- 
pared with the non-admixture mix designs. In addition, for the 
same strength mix design, the average CO, emission amount 
was 3% less for the mix design with only fly ash compared with 
the mix design with only blast-furnace slag, which was 
attributed to the difference in the CO, unit requirement for 
each material as shown in Table 2 and Figure 1. 

2) Admixture addition ratio and COz emission amount correlation 
analysis 
To analyze the correlation of CO, emissions with the change in 
the admixture addition ratio to concrete, established mix 
designs were grouped by their nominal strengths (18, 21, 24, 
27, and 30 MPa), and the average amount of CO, emissions was 
analyzed by changing the blast-furnace slag and flag ash 
addition ratio. According to the results of the analysis, as the 
addition ratio of both fly ash and blast-furnace slag increased, 
the total CO2 emissions decreased. For mix designs of 18 MPa 
nominal strength, a mix design with approximately 30% 
admixtures reduced the CO emission by 27% compared to a 
mix design with approximately 10% admixtures. Furthermore, 
for mix designs of a nominal strength of 30 MPa, the maximum 
difference was 152.7 kg-CO2/m*, which was an approximately 
36% reduction from the maximum CO, emissions. This difference 
occurred not because of the particular admixtures but because of 
the reduced amount of cement, which has a relatively high CO 
emission unit requirement, due to the increased amount of 
admixture as shown in Table 3 and Figure 2. 

3) Admixture addition ratio and other material mix ratio correla- 
tion analysis 
The total mix designs were divided into six classes, from 0 to 60%, 
according to the admixture ratio of the concrete, and within the 
mix design range, the correlations of the mix ratios of other 
materials (such as aggregate, water, and admixtures) and the 
maximum/minimum distribution were analyzed as shown in 
Table 4 and Figure 3. For the correlation analysis, a regression 
analysis was used to find an equation for each admixture according 
to the mix ratio. As the admixture ratio was increased, the coarse 
aggregate varied from a maximum of 997 kg/m? to a minimum of 
865 kg/m?, and the fine coarse aggregate varied from a maximum 
of 982 kg/m? to a minimum of 781 kg/m?. Cement varied from a 
maximum of 389 kg/m? to a minimum of 158 kg/m’, and water 
varied from a maximum of 185 kg/m? to a minimum of 105 kg/m?. 

4) Admixture concrete mix design and economic value correlation 
analysis 
The economic value was analyzed for 800 concrete mix designs of 
nominal strengths 18, 21, 24, 27, 30, 35, 40, 45, 50, 60 MPa. The 
economic value analysis of concrete mix design was applied with 
Korea's standard value information DB as the product unit cost 
varies among each raw material manufacturer. For 1m3 concrete 
mix design analysis, the economic value was most influenced by 
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mix amount of regular cement and aggregate, and the mixing 
water and admixture had little influence on economic value. Also, 
the economic value tended to increase as the strength increased, 
this was analyzed that regular cement with expensive production 
unit cost (KRW/kg) had a large influence. For 1m3 concrete mix 
design, the mix amount of coarse aggregate and fine aggregate 
was greatest with average of 910 and 870 kg/m? but the produc- 
tion unit cost (KRW/kg) was low for each, thus they had less 
influence than regular cement as shown in Table 5 and Figure 4. 


3.3.3. Carbon reduction concrete optimal mix design target function 

Based on the result drawn through sensibility analysis above, the 
carbon reduction concrete optimal mix design target function was set. 
This is applied to the suitability analysis of offspring individual group 
drawn through initial individual group and recombination. 


M(i) DB min. mix design volume < M(i) Optimal mix design 

volume < M(i) DB Max. mix design volume 

i=Raw materials of Concrete) 

M(i) DB min. ratio < Optimal M(i) Admixture mix ratio < M 
(i) DB Max. ratio 

i=Concrete compressive strength) 

Optimal M(i) CO2 emission < M(i) DB Min. CO2 emission 

i=Concrete compressive strength) 

M(i) DB Min. Cost < Optimal M(i) Cost < M(i) DB Max. Cost 

i=Concrete compressive strength) 


3) 


& 


un 
eS 


strength, season, and admixture type across the entire 800 mix 
designs and applies them to the database for evaluation. Such 
process is the initial individual group generation process to 
apply the evolution algorithm. 

Assess fitness of current population 

The suitability evaluation is executed against the initial indivi- 
dual group of concrete mix designs. The suitability evaluation is 
executed by applying target function drawn through sensibility 
analysis of admixture type, admixture mix ratio, material mix 
amount, and economic value and such from concrete mix 
design DB. 

Selection 

Among each initial individual group concrete mix designs 
arranged in order, a new concrete mix design group is gener- 
ated. Also, the upper 15% concrete mix design individual group 
suited to the target function is selected among the selected 
concrete mix design group. 

Crossover 

The parent individual group of concrete mix design selected 
through suitability analysis begins intersection and combination. 
By executing multi-point intersection and combination and not 
just a single point intersecting a single part, concrete mix design 
offspring individual group is generated. The generated concrete 
mix design offspring individual group executes suitability analy- 
sis again. When suitability is not met, it repeats from step 2, and 
the optimal mix design for carbon reduction concrete is drawn 
when the suitability is met as shown in Table 6. 


3.4. Optimal low-carbon-emission concrete mix deduction process 


1) Assessment information input 

In order to draw optimal mix design of carbon reduction 
concrete through evolution algorithm, the evaluation informa- 
tion is input first of all. Input items include concrete nominal 
strength, season and admixture type. Upon entering evaluation 


3.5. Assessment of appropriateness of the deduced optimal mix 
design 


To test the reliability of the concrete mix design deduced from 
the LCEC mix design system, we analyzed the mix ratios of an 
actual mix design with the maximum/minimum amount of 
admixtures (blast-furnace slag, fly ash) out of the mix designs 


information, this information is transferred to the already- 
constructed concrete mix design DB of about 800 as shown in 
Figure 5. 

Create initial population 

The constructed concrete mix design DB draws concrete mix 
designs with matching evaluation information (strength/sea- 


N 
Na 


Table 2 

CO, emission and reduction performance for each strength level. 
Concrete CO, emission [kg-CO2/m?] Maximum reduction 
strength —— compared to plain[%] 
[MPa] Plain BFS FA BFS+FA 


Mixing Mixing Mixing 


ont : : ae 18 295.7 271.3 261.5 220.6 25.4 

son/admixture type) according to input of evaluation informa- 1 3278 2955 2857 2312 295 

tion, which is set as the initial individual group for concrete 24 347.7 3168 3071 2562 263 

mix design. This classifies the mix designs with same concrete 

Table 1 
Example database of concrete mix design for each strength level. 
Season Strength (MPa) WIC (%) Sja (%) Amount of mixed materials [kg/m*] 
G s c B/C F/A B/S w AE 

Winter 21 52.7 49.9 906 893 293 0 33 (0) 172 1.63 
Winter 21 54 49.5 906 881 295 (0) 0 34 177 1.97 
Standard 21 52.4 50.2 919 915 242 0 22 21 164 1.88 
Standard 21 541 50.4 889 893 291 (0) 0 40 179 1.66 
Standard 24 50.7 49.7 895 875 312 (0) 35 0 176 1.74 
Standard 24 48.3 47.8 925 844 266 (0) 44 55 176 2.92 
Standard 24 45.7 47.5 910 818 188 (0) 38 151 172 2.26 
Winter 24 47.9 49.6 913 883 315 0 35 0 168 2.63 
Standard 24 49.5 49.5 889 862 320 0 44 (0) 180 1.82 
Standard 27 45.6 48.9 889 843 166 152 39 0 177 1.94 
Standard 27 45 47.7 915 829 355 0 0 27 172 2.29 
Winter 27 45.5 47.8 916 832 344 0 38 0 174 2.67 
Standard 50 30.5 45 866 728 477 0 64 (0) 165 7.03 
Standard 50 30.3 44 935 732 438 0 0 77 156 412 
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Table 3 


Admixture addition ratio and CO2 emission for each strength level. 


733 


Strength CO, Emission [kg-CO2/m*] Reduction ratio compared to minimum 
[MPa] CO, emission[%] 
Admixture mix Admixture mix Admixture mix Admixture mix Admixture mix 
ratio 10% ratio 15% ratio 20% ratio 25% ratio 30% 
18 310.7 271.3 - 243.6 226.5 27.1 
21 337.8 312.5 - - - 7.5 
24 347.7 326.8 307.1 - - 11.7 
27 375.5 353.1 - - - 5.9 
30 434.2 372.04 - 327.4 281.5 35.5 
Table 4 
Admixture addition ratio and CO, emission reduction performance for concrete mix design strength level. 
Admixture mix ratio [%] Amount of mixed materials [kg/m?] 
Coarse aggregate Fine aggregate Cement Water 
Maximum Minimum Maximum Minimum Maximum Minimum Maximum Minimum 
0-10 943 911 971 837 326 210 176 122 
10-20 997 865 982 781 389 164 185 105 
20-30 964 885 938 784 382 158 185 123 
30-40 965 911 959 837 366 210 181 122 
40-50 969 924 843 810 354 327 164 141 
50-60 958 925 857 829 351 322 170 163 
Table 5 
Economic analysis based on the compressive strength of concrete. 
Compressive strength [MPa] Average economic based on the compressive strength of concrete [Won/m?] 
Portland cement Coarse aggregate Fine aggregate Admixture Water Chemical admixture Total 
18 22,324 19,925 19,550 960 1810 788 65,357 
21 24,072 19,875 18,500 1020 1840 752 66,059 
24 28,304 18,925 17,800 1100 1830 610 68,569 
27 31,524 18,950 16,900 1420 1850 872 71,516 
30 32,452 19,925 18,478 1460 1870 1112 75,297 
35 34,376 22,125 15,450 1380 1880 988 76,199 
40 36,616 18,255 19,650 2840 2170 1756 81,287 
45 38,604 22,925 15,350 2470 2010 1762 83,121 
50 41,016 22,175 18,400 2420 1950 1856 87,817 
60 50,144 20,375 14,950 3080 1780 2786 93,115 


for different strengths actually used on the site and the mix ratio 
of the deduced optimal mix design, as well as the CO2 emission 
amount. The analyzed parameters included the substitution ratio 
of cement, coarse aggregate, fine coarse aggregate, water, and 
admixture of concrete of 18, 21, and 24 MPa strength, which are 
the most frequently used concretes in domestic construction sites; 
we also analyzed the range of CO2 emissions. For the analysis 
methods, the maximum and minimum value of the actual mix 
designs for different strengths and deduced mix designs for differ- 
ent materials were compared as shown in Table 7 and Figure 6. 
The results of the analysis show that the deduced mix design 
values, water/cement ratio, cement amount, coarse aggregates, 
fine coarse aggregates, and water mix ratios had less than 3% 
errors on average, indicating that the concrete mix designs by the 
actual mix design and optimal mix method produced similar 
results. Furthermore, the CO2 emission amount was calculated by 
applying the deduced mix design to the established national LCI 
unit requirement. For the optimal mix design of a nominal 
strength of 18 MPa, the CO2 emission amount was somewhat 
different from the existing mix design in the database. This was 
because the amounts of fine coarse aggregate and water were 
increased, but the amounts of cement, coarse aggregate, and 
admixtures were decreased. For the 21 MPa mix design, the 


amounts of fine coarse aggregate and admixtures were decreased, 
and the mix amounts of cement, coarse aggregate, and water were 
increased. When the mix designs were analyzed based on their 
materials, the reduction in CO emission was the greatest when 
the admixture substitution ratio was increased and both fly ash 
and blast-furnace slag were used. The admixture mix ratio of the 
optimal mix design was somewhat lower than the mix designs of 
nominal strengths of 18, 21, and 24 MPa from the established mix 
design database, but it was found to be usable as the optimal mix 
design that satisfied both the strength condition and CO, emission, 
cost condition that were deduced by applying the optimal mix 
algorithm using the sensitivity analysis. 


4. Optimal low-CO, emission concrete mix design program 
development 

4.1. Outline 

The optimal LCEC mix design program was developed based 
on Microsoft Visual Basic as shown in Figure 7. It was possible to 


deduce a concrete mix design that was based on the assessment 
conditions directly input by an assessor design, established 
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Table 6 
Concrete mix design example deduced from low-carbon-emission concrete optimal mix design system. 
Concrete W/B S/a Amount of mixed materials [kg/m°] 
specification (%) (%) 
Cement Blast furnace Coarse Fine Fly Blast furnace Water Chemical admixture 
cement aggregate aggregate Ash slag compound 
25-18-80 46.9 46.4 330 X 951 894 X X 156 1.65 
57.9 49.5 199 X 957 946 28 35 111 1.86 
42.9 52.1 162 203 824 876 X 41 132 3.2 
42.7 47.7 184 164 905 807 62 X 105 2.87 
25-18-120 46.9 49.3 330 X 953 897 X X 161 1.65 
58 50 200 X 947 935 35 35 143 1.9 
42.9 52.1 162 203 824 876 X 41 132 3.2 
50.6 48.6 305 X 921 874 27 X 168 0.6 
25-18-150 48.3 46.8 296 X 933 808 48 56 170 3.2 
45.4 48.9 223 182 894 834 X X 184 2.03 
46.3 53.1 272 X 864 621 36 X 169 2.15 
25-21-80 46.9 46.5 336 X 951 886 X X 154 1.65 
44.7 48.8 342 X 911 855 38 X 170 2.85 
42.9 50.2 287 X 865 852 X 123 176 2.05 
25-24-120 48.3 46.8 296 X 933 808 48 56 170 3.2 
47.5 46.7 200 202 914 814 X X 190 1.97 
42.7 47.7 184 164 905 807 62 X 105 2.87 
25-24-180 58 52 172 X 997 982 33 17 185 1.24 
45.6 48.9 217 182 894 834 X X 184 2.03 
25-27-210 46 49.3 355 X 839 739 X X 170 2.9 
49.1 44.5 408 X 871 982 183 71 173 1.2 
25-30-150 46.9 49.3 362 X 907 878 X X 170 1.81 
45.4 48.9 223 182 894 834 X X 184 2.03 
43.8 44.5 245 X 997 959 87 22 151 3.76 
25-30-210 31.3 44.5 408 X 997 759 101 43 158 3,82 
28.9 41.4 219 X 864 621 23 153 160 1.71 
25-35-120 46.3 47.2 331 X 914 804 X X 164 1.91 
47.5 46.7 208 202 914 814 X X 190 1.97 
25-35-180 32.8 49.9 404 X 947 743 65 37 119 2 
44.3 49.2 345 X 849 896 X X 150 1.97 
25-40-150 36.3 45.4 276 X 946 939 65 56 148 35 
42.9 52.1 162 203 824 876 30 11 132 3.2 
43.3 49.2 330 X 953 897 X X 170 1.65 
25-45-180 46.8 49.3 362 X 907 878 X X 170 1.81 
27.5 41.0 218 X 864 621 228 X 153 1.71 
31.3 46.9 408 X 936 982 49.9 17 185 0.69 
25-50-210 46.6 41.3 3364 X 942 853 X X 163 1.79 
32.4 46 396.7 X 878 978 28.8 X 278 2.94 
40.1 46.6 4055 X 901 924 52 65 120 3 
20-60-600 25.7 45.7 426 X 850 716 116 42 160 4.37 
27 42.8 495 X 986 738 68 0 152 9.52 


Table 7 
Analysis of optimal mix design deduced from LCEC and actual mix design. 
Strength Classification Amount of mixed materials [kg/m?] Substitution ratio [%] CO, emission [kg-CO2/m?] 
OPC G S w AE FA/BFS 
18 Actual maximum 200 924 906 169 2.04 44/47 31 214.9 
Optimal mix 197 895 942 171 1.41 42/42 29 211.8 
Actual minimum 271 864 621 169 2.16 37/0 12 278.8 
21 Actual maximum 224 912 870 176 2.28 49/52 31 238.6 
Optimal mix 229 925 851 178 1.64 47/47 29 243.3 
Minimum 299 905 883 175 1.93 22/0 7 306.7 
24 Actual maximum 266 925 844 176 2.92 44/55 27 278.5 
Optimal mix 268 932 872 160 3.05 34/34 20 277.7 
Minimum 331 913 850 173 2.14 25/0 7 336.9 


*OPC: Ordinary Portland cement, BFS: ground granulated blast-furnace slag, W: water, AE: chemical admixture compound, SBFS: smart ground granulated blast-furnace slag, 
G: coarse aggregate, S: fine aggregate. 


database, and the optimal algorithm. In addition, the CO2 4.2. Mix design information input sheet 

emission assessment and cost was classified into an onsite input 

method, which tested the directly input mix design, and an 4.2.1. Optimal design method 

optimal design method, which tested the optimal mix design An optimal design method not only deduces the optimal mix 
deduced from the program [10]. design satisfying the strength condition but also calculates the 
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Table 8 
Case evaluation outline. 


Location Bundang-gu, Gyeonggi-do, South Korea 

Expenditure Office 

Construction company P company 

Total floor area 462,000 m? 

Building area 16,270 m? 

Plottage 28,192 m? 

Construction period 2009.06-2012.02 

Scale Basement five floor-ground twelve floor 
Table 9 


Case evaluation and construction evaluation method. 


Classification Actual mix design Optimal mix design 


assessment assessment 
Quantity Actual usage[m?] 
Method Onsite input method Optimal design method 
Mixing design Actual mix design Optimal mix design 
Basic unit of CO2 National LCI DB(South Korea) and Japanese Society of 
emission Civil Engineers DB 
Basic unit of cost South Korea price information DB 
Scope Concrete raw material manufacture process 


Evaluation contents CO2 emission by concrete mix design method 


CO2 emission by concrete mix design strength 
CO, emission by concrete mix design materials 


amount of CO2 emitted and cost by assessing the selected 
information input of the size of coarse aggregate, nominal 
strength, slump, admixtures, and season (standard/winter). 


4.2.2. Onsite input method 

An onsite input method calculated the CO, emission and cost of 
a concrete mix design by applying the CO, emission and cost of 
each material production from the input amount (kg) of each 
material per 1 m? of concrete mix design. 


4.2.3. Database construction sheet database 

The database of this program was established based on the 
information on the mix ratios of cement, water, aggregate, and 
admixtures per 1 m? concrete of approximately 800 mix designs of 
concrete with the nominal strengths of 18, 21, 24, 27, 30, 35, 40, 50, 
60, 70, and 80 MPa, which were supplied to the actual construc- 
tion sites by 10 ready-mix concrete companies in Korea, as well as 
the basic information of approximately 80 ready-mix concrete 
companies, such as geographic location and production capacity. 


5. Optimal low-carbon-emission concrete mix design 
application case assessment 


5.1. Outline 


This case study's target was an office structure of the P 
construction company; its total ground area was 219,000 m2, and 
it had five basement floors and 12 floors above ground as shown in 
Table 8. The information about the amount of concrete used for 
the structure was gathered from eight domestic companies, and 
the data of seven types of concrete standards were collected 
[11,12]. With these data, the amount of CO, emission and cost 
was evaluated. With the same conditions, the optimal mix design 
was deduced. And the CO, emission and cost assessments were 
compared and analyzed as shown in Table 11. 


5.2. Assessment method 


To evaluate the target structure, the CO emission amount and 
cost per unit cubic meter was calculated for the actual mix design 
of the standard concrete amount (m?) and optimal LCEC mix 
design using the developed assessment program as shown in 
Table 9. The actual mix design and the optimal mix design were 
evaluated by the onsite input method and optimal design method, 
respectively, and the national LCI database was used to determine 
the CO, emission unit requirement [13-15]. For the admixtures 
without CO» emission unit requirements, the database from the 
Japanese Society of Civil Engineers was used instead as shown in 
Table 10. Additionally, the concrete mix designs in the case study 
structure were classified by their methods, strengths, and material 
properties and evaluated. The assessment of CO, emission and cost 
was divided into a raw material production stage, shipping stage, 
and manufacturing stage, but for this research, only the raw 
material production stage was evaluated. This is because this 
research primarily focused on a comparable analysis of the actual 
mix design and the optimal mix design; the shipping distance for 
raw materials and concrete manufacturing equipment affect the 
assessment of CO, emission and cost at the shipping and manu- 
facturing stages and were not relevant to CO2 emission and cost 
reduction in this study. 


5.3. Assessment results 


5.3.1. Comparison and analysis of each concrete mix design method 

The concrete used for the target structure was classified by 
each standard, and the CO, emission was quantified. The amounts 
of COz emitted were 37,379,200 kg from the actual mix design and 
35,662,789 kg from the optimal mix design (representing a 4.59% 
reduction compared to the actual mix design) as shown in Table 
12. In particular, compared with the actual mix design, the 
emission of the optimal mix design was reduced by 4 and 7% for 
the often-used 25-24 MPa-210 and 25-30 MPa-150, respectively; 
and for 25-18 MPa-150 and 25-48 MPa-600, the actual and 
optimal mix designs had similar CO, emissions. 


5.3.2. Comparison and analysis of each concrete mix design 

The maximum, minimum, and average amounts of CO, emis- 
sion and cost from the target structure's actual mix design for 
different standards were compared with the optimal CO2 emission 
and cost of the optimal mix design as shown in Tables 13 and 14. 
The analysis showed that the amount of CO2 was reduced by 17, 9, 
24, 3, and 1% for 18, 24, 30, 45, and 48 MPa concrete, respectively, 
compared with the maximum emission of the actual mix. The 
main factor underlying the reduction was the difference between 
the amounts of cement, blast-furnace slag, and fly ash of the actual 
mix and the optimal mix. For 18 MPa concrete, 247 kg of cement 
and 34 kg of fly ash were mixed for the maximum CO, emission 
actual mix design, and 199 kg of cement, 28 kg of fly ash, and 
28 kg of blast-furnace slag were mixed for the optimal mix design. 
We thought the lesser CO, emission unit requirements of fly ash 
and blast-furnace slag compared with normal Portland cement 
could have caused the CO, emission difference observed. Also, as 
the result of economic value analysis, it was found to have 
reduction of about 5, 4, 5, 2, 2%, respectively, for 18, 24, 30, 45, 
48 MPa compared to the maximum values for cost of actual mix as 
shown in Table 15. This is thought to be because the mix was 
drawn with maximum mix of admixture within the range of 
satisfying target function and strength for optimal mix design 
while the costs increased due to the increase in amount of regular 
cement as the strength increase for actual mix designs. 
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Table 10 


CO, Emission and cost of materials. 


Material 


Ordinary Portland cement 
Coarse aggregate 

Fine aggregate 

Blast furnace slag 

Fly ash 

Water 

Chemical admixture compound 


Table 11 
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Basic unit Of CO2 emission [kg-CO2/unit] 


National LCI DB(South Korea) 
National LCI DB(South Korea) 
National LCI DB(South Korea) 
Japanese Society of Civil Engineers 
Japanese Society of Civil Engineers 
National LCI DB (South Korea) 
Japanese Society of Civil Engineers 


Assessment result of CO, emissions and cost by each concrete mix design method. 


Concrete specification Using quantity[m?] Classification Company Amount of mixed materials 


25-180-80 42.3 


25-180-150 2,088 


25-240-210 10,182 


25-300-120 17.8 


25-300-150 5,842 


25-450-60 1,474 


25-480-600 1283.7 


Actual mix 


Optimal mix 


Actual mix 


Optimal mix 


Actual mix 


Optimal mix 
Actual mix 


Optimal mix 


Actual mix 


Optimal mix 
Actual mix 
Optimal mix 


Actual mix 


Optimal mix 


[kg/m?] ratio [%/m?] 
C G S FJA BFS W AE 

A 236 958 909 35 O 161 1.22 13 

B 200 933 930 38 33 167 1.90 26 

Cc 247 938 959 34 O 151 1.97 12 

D 181 962 931 39 39 158 1.3 30 

E 196 993 910 26 39 157 1.83 25 

F 219 997 903 39 O 159 1.81 15 

G 227 964 902 40 O 164 1.47 15 

H 191 924 982 25 38 146 1.78 25 


199 957 946 28 35 156 1.65 24 
218 921 971 38 0 157 1.02 15 


A 258 887 916 39 0 177 1.34 13 
B 216 885 925 41 35 180 2.04 26 
Cc 271 864 969 37 O 169 216 12 
D 197 895 932 42 42 171 1.41 30 
E 213 965 884 28 42 170 1.98 25 
G 246 950 860 43 0 178 1.59 15 
H 209 891 958 28 42 160 1.95 25 

272 894 834 36 O 169 215 12 

202 825 918 43 43 118 2.02 30 
A 268 932 872 34 34 160 3.05 20 
B 266 925 835 44 55 176 2.92 27 
C 264 931 896 33 33 160 2.64 20 
D 284 931 896 17 34 160 2.68 15 
E 264 940 896 33 33 160 2.64 20 
F 272 957 902 34 34 160 2.72 20 
H 264 908 875 33 33 160 2.64 20 

257 933 808 48 56 154 2.85 29 
A 334 954 787 59 O 171 2.95 15 
B 296 933 808 56 48 170 3.20 26 
Cc 334 915 884 46 0 158 266 12 
D 260 954 832 56 56 160 1.86 30 
E 282 997 792 38 57 161 2.64 25 
F 324 969 810 57 O 164 2.67 15 
G 369 994 683 65 0 180 3.04 15 
H 275 911 890 37 55 151 2.94 25 

272 894 834 48 56 170 2.03 28 

334 914 884 46 O 158 266 12 
Cc 349 880 885 48 0 165 2.78 12 
D 268 929 833 58 58 165 1.92 30 
E 293 981 781 39 59 167 2.74 25 
F 333 957 800 59 O 169 2.74 15 
G 383 969 679 68 O 187 316 15 
H 287 895 878 38 57 157 3.06 25 

321 925 854 34 0 168 24 10 

268 929 833 58 58 165 1.92 30 
D 387 929 814 49 49 160 485 20 
E 387 874 785 49 49 160 631 20 

375 918 799 53 36 151 499 19 
A 408 911 770 51 51 160 612 20 
D 408 918 786 51 51 160 51 20 
E 408 871 767 51 51 160 663 20 


405 901 924 52 65 153 437 20 


Basic unit Of cost [Won/unit] 


South Korea price information DB 
South Korea price information DB 
South Korea price information DB 
South Korea price information DB 
South Korea price information DB 
South Korea price information DB 
South Korea price information DB 


Admixture substitution CO, emission Cost 


[kg-CO,/m?]_[Won/m?] 
243.24 70,941 
211.38 68,445 
252.76 72,733 
192.57 67,377 
206.54 68,843 
227.25 70,380 
235.25 70,268 
200.43 68,298 
209.05 69,033 
225.76 69,890 
265.81 71,629 
228.04 68,850 
277.32 73,619 
209.24 67,471 
224.19 69,317 
254.82 70,840 
219.19 68,843 
278.27 71,064 
207.43 52,963 
275.02 73,326 
275.88 72,796 
271.09 73,411 
289.70 74,959 
271.10 73,636 
278.76 75,003 
271.06 72,311 
265.02 71,359 
337.76 77,733 
303.57 75,177 
335.93 78,735 
268.47 72,782 
289.29 74,707 
327.45 77,597 
371.99 79,581 
281.43 74,263 
280.72 72,410 
335.93 78,710 
350.89 79,399 
276.68 73,060 
300.44 75,184 
336.54 77,979 
386.04 80,298 
293.53 74,811 
324.49 76,847 
276.68 73,060 
388.66 83,709 
388.95 81901 
375.93 81,713 
408.89 84,425 
408.65 84,796 
408.96 83,452 
405.39 87,629 


Table 12 


Amount of CO2 emissions and reduction by each concrete mix design method. 


Concrete specification 


25-18-80 

25-18-150 
25-24-210 
25-30-120 
25-30-150 
25-45-600 
25-48-600 


Total 


Table 13 
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CO, emission[kg-CO,/m?] 
Actual mix 


74,978.47 
3,505,414.63 
19,677,055.02 
44,656.78 
11,356,907.49 
1,145,815.56 
1,574,422.20 


37,379,200.14 


Amount of cost and reduction by each concrete mix design method. 


Concrete specification 


25-18-80 

25-18-150 
25-24-210 
25-30-120 
25-30-150 
25-45-600 
25-48-600 


Total 


Table 14 


Amount of CO2 emissions and reduction by each concrete mix design strength. 


Concrete specification 


25-18-80 

25-24-210 
25-30-120 
25-45-600 
25-48-600 


Table 15 


Cost[Won/m?] 
Actual mix 


23,573,155 
1,024,308,072 
5,248,230,444 
10,868,235 
2,691,590,502 
244,109,140 
324,356,330 


9,567,035,878 


CO, emission [kg-CO2/m?] 


Actual mix 

Maximum Minimum 
251.35 191.13 
288.31 269.70 
370.53 267.05 
387.65 387.28 
407.67 407.29 


Amount of cost and reduction by each concrete mix design strength. 


Concrete specification 


25-18-80 

25-24-210 
25-30-120 
25-45-600 
25-48-600 


5.3.3. Comparison and analysis of each concrete mix design material 

The amounts of COz emission and cost were compared and 
analyzed for eight different mix designs for the 25-24 MPa-210 
concrete used in the target structure as shown in Table 16. The 


Cost [Won/m?] 


Actual mix 


Maximum 


72,733 
75,003 
79,581 
83,709 
84,796 


Minimum 


67,377 
72,311 
72,782 
81,901 
83,452 


Optimal mix 


73,701.31 
3,475,586.04 
18,888,546.89 
43,781.86 
10,535,991.50 
1,107,869.84 
1,561,162.67 


35,662,789.31 


Optimal mix 


23,547,448 
997,875,843 
5,085,827,289 
10,729,520 
2,627,270,082 
240,808,211 
318,204,279 


9,212,900,172 


Average 


219.74 
274.70 
313.07 
387.47 
407.50 


Average 


69,660 
73,634 
76,321 
82,805 
84,224 


Optimal mix 
Optimal 


207.62 
263.64 
279.39 
374.57 
404.04 


Optimal mix 
Optimal 


69,033 
71,359 
75,560 
81,713 
82,629 


737 


CO, emission reduction ration compared 
to actual mix design[%) 


1.70 
0.85 
4.00 
1.95 
7.22 
3.31 

0.84 


4.59 


Cost reduction ration compared 
to actual mix design[%) 


0.11 

2.58 
3.09 
1.27 
2.38 
1.35 
1.89 


3.71 


Maximum reduction ration 
compared to actual mix design[%) 


17.40 
8.56 
24.60 
3.37 
0.89 


Maximum reduction ration compared 
to ;actual mix design[%) 


5.08 
4.85 
5.05 
2.38 
2.55 


major source of CO, emission from 24 MPa concrete was the 
normal Portland cement for each company. Particularly, D com- 
pany's actual mix design emitted the maximum amount of COs, 
289.3 kg-COz/m?, and the optimal mix design emitted the minimum 
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Table 16 
Amount of CO2 emissions and reduction by each concrete mix design materials. 


Materials CO, emission[kg-CO,/m?] 
A company B company C company 
Cement 252.99 251.10 249.22 
Coarse aggregate 1.30 1.30 1.30 
Fine aggregate 0.09 0.08 0.09 
Blast furnace slag 1.29 1.67 1.25 
Fly ash 0.67 1.08 0.65 
Water 17.92 19.71 17.92 
Chemical admixture compound 0.76 0.73 0.66 
Total 275.02 275.67 271.09 
Table 17 


Amount of cost and reduction by each concrete mix design materials. 


Materials Cost[Won/m?] 
A company B company C company 

Cement 24,656 24,472 24,288 
Coarse aggregate 23,300 23,125 23,275 
Fine aggregate 21,800 20,875 22,400 
Blast furnace slag 680 880 660 
Fly ash 680 1,100 660 
Water 1,600 1,760 1,600 
Chemical admixture compound 610 584 528 
Total 73,326 72,796 73,411 


=Plain "BFS "FA ®"FA+BFS 


CO, emission[kg-CO,/m*] 


18 21 24 
Concrete Strength[MPa] 


Fig. 1. CO2 emission of concrete by kind of mixing admixture. 
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Fig. 2. Analysis of admixture mixing ratio and CO2 emission. 


amount, 264.81 kg-CO2/m?. Normal Portland cement emitted the 
maximum 268.1 kg-CO./m? for the actual mix design and 
242.6 kg-CO2/m? for the optimal design, contributing 92% of the 
total emission, and the fine coarse aggregate contributed the least 
to the total CO emissions. Most of economic value per material 


D company 


268.10 
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0.09 
0.65 
0.67 

17.92 
0.67 
289.39 


D company 


26,128 
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74,959 
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Fig. 3. Analysis of admixture mixing ratio and other materials mixing amount. 


(won/m*) 


100,000 


y = -6,.962x? + 1101x + 47451 
Rè = 0.8347 


20 25 


30 35 


40 


45 50 


Concrete Strength (MPa) 


55 


Fig. 4. Economic analysis based on the compressive strength of concrete. 
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Evolution Algorithm Process 


i Type of | 
Information transfer | Strength | ‘Season fun 


Input of assessment information 


(3427 911 | 855 | 38 | 179 [2.52] 
344 | 896 | 831 | 42 | 182 | 1.91 | 
Information transfer | | 351 | 888 | 830 | 48 | 181 | 2.11 | 
Create initial population 
rr 
328 | 925 | 829 | 32 | 168 | 1.6 | 
304 | 937 | 845 | 45 | 174 | 2.09 | 


Steieasseae 
r 
š 


Concrete mix design database 


| Type of Admixture and | | 
CO; emission analysis 


Fitness analysis 


ay 


| Admixture mix ratio and | 
CO% emission analysis 
| Admixture mix ratio and 
other materials mix design analysis 
| Concrete mix design and | 
Cost analysis 


Assess fitness of current population 


—— 


328 | 925 | 829 | 32 | 168 | 1.6 | 
| 304 | 937 | 845 | 45 | 174 | 2,09 | 


Sensitivity analysis 


of concrete mix design 


Selection 


| Mi DB min. Mi Opt. ¢ Mi DB Max. | = 
Parent 1 | eo 


Parent 2| 

| 
Child1 | | 328 | 925 | 845| 45 | 168 | 1.6 | 
Child2 | | 304 | 937 | 829 | 32 | 168/ 1.6 | 


|min. ratio { Admixture mix ratio { Max, ratio] 


Fitness 


| Mi DB min, < Cost € Mi DB Max. | 


Crossover 


Fitness satisfaction 324 | 919 | 887 | 40 | 171 | 1.81 | 


Concrete optimal mix design 


Fig. 5. Process to derive the optimal concrete mix design using evolutionary algorithm. 
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Fig. 6. Comparison of mixed amounts for each material between the optimal mix design and actual mix design. 


was analyzed to consist of regular cement, coarse aggregate, and expensive regular cement was reduced while mix ratio of admix- 
fine aggregate. Compared to Company F with the greatest eco- ture with low production unit cost was increased. Mixing water 
nomic value, the use of optimal mix design could make reduction and compounds were found to have little influence as shown in 


up to about 5% per 1 m°? of concrete. This is because the usage Table 17. 
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Fig. 7. Optimal design system for CO, emissions and cost in the life cycle of concrete. (a) Program main screen, (b) Basic Information Input Sheet, (c) Materials Stage Input 
Sheet, (d) Production Stage Input Sheet and (e) Evaluation Results Sheet. 


6. Conclusions 


This study used ‘Low-carbon concrete mix design 
system’ applied with evolution algorithm for the purpose of CO, 
emission reduction performance, and the following conclusion 
was drawn. 


1 The low-carbon concrete mix design system was developed 
using a concrete mix design database established using Micro- 
soft Visual Basic and EA. 

2 About 800 concrete mix designs were investigated and formed 
into a database, through which the sensibility analyses for 
admixture type and CO2 emission, admixture mix ratio and CO2 
emission, admixture mix ratio and other material mix amount, 
and material mix and economic value were conducted. 

3 The evolution algorithm and target function found through 
sensibility analyses were combined to construct carbon 


ala pe | Sr =n St SAS 727-3 1S 


reduction concrete optimal mix design search process satisfy- 
ing material performance and environmental performance. 
The suitability was reviewed for ranges of water binder (W/B) 
ratio and cement, coarse aggregate, fine aggregate, and water 
mix ratio, and as the result, a result similar to concrete mix 
design actually used was found. 

As the result of case analysis of concrete mix design found 
through this evaluation system, 24 and 30 MPa with great 
concrete usage were reduced by 4 and 7%, respectively, 
when applied with optimal mix design instead of actual 
mix design, and economic value was reduced by 3 and 2%, 
respectively. 

Additionally, the maximum, minimum, and average CO2 emis- 
sion of each standard actual mix design and the optimal CO, 
emission amount of the optimal mix design were analyzed. 
Compared with the maximum CO, emission of the actual mix, 
the maximum emission of the optimal mix was reduced by 17, 
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9, 24, 3, and 1% for 18, 24, 30, 45, and 48 MPa concrete, 
respectively. 

7 Additionally, Also, the maximum, minimum, and average eco- 
nomic value of concrete actual mix design and economic value 
of optimal mix design were compared, and as the result, the 
optimal design saved economic value by about 5, 4, 5, 2, and 2%, 
respectively, for 18, 24, 30, 45, 48 MPa. 
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